1. Introduction {#sec1-ijms-18-02276}
===============

A growing awareness of human activities on the environment, as well as the need to obtain products non-contaminated with hazardous solvents, stimulated the development of "greener extraction" processes \[[@B1-ijms-18-02276]\]. Green technologies seek for new solvents to replace common organic ones that present inherent toxicity and volatility problems \[[@B2-ijms-18-02276],[@B3-ijms-18-02276]\]. Several types of alternative solvents, including deep eutectic solvents (DES), have been suggested as candidates within the development of greener processes \[[@B4-ijms-18-02276]\]. First reported by Abbot et al. \[[@B5-ijms-18-02276]\], DES are composed of at least a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD) species, which upon mixing establish strong hydrogen bond interactions leading to the formation of eutectic mixtures, often becoming liquid at conditions close to room temperature. The most common DES are based on cholinium chloride (\[Ch\]Cl) as the HBA, and HBDs comprising urea, polyols and carboxylic acids \[[@B2-ijms-18-02276]\]. With respect to environmental and economic benefits, DES offer many advantages, including low volatility, simple preparation, low cost, and low toxicity profile \[[@B1-ijms-18-02276]\]. As far as applications are concerned, it has been demonstrated that DES can be successfully used for the extraction of different types of natural bioactive compounds from biomass, including flavonoids \[[@B6-ijms-18-02276]\], ginsenosides \[[@B7-ijms-18-02276]\], anthocyanins \[[@B8-ijms-18-02276]\], catechins \[[@B9-ijms-18-02276]\], among others. Furthermore, it was recently demonstrated that they can also be used in the dissolution of more complex biomacromolecules, such as lignin \[[@B10-ijms-18-02276]\]. Also worth noting, and similarly to ionic liquids \[[@B11-ijms-18-02276],[@B12-ijms-18-02276],[@B13-ijms-18-02276]\], it was demonstrated that aqueous solutions of DES can perform better than the pure solvents \[[@B14-ijms-18-02276]\], with inherent economic and process benefits. Finally, if benign or natural-based DES (the so called NADES) are used, these may be kept in the final formulations, in some cases also contributing to the improvement of the extracts biological properties \[[@B15-ijms-18-02276],[@B16-ijms-18-02276]\], again with a close similarity to ILs \[[@B12-ijms-18-02276]\].

Cardoon or wild artichoke (*C. cardunculus* L., Compositae) is a perennial plant, sharing a recent common ancestor with the modern cultivated ''globe artichoke", *C. scolymus* L. \[[@B17-ijms-18-02276]\]. Both plants have their origin in edible *Cynara* cultivars, used by early farmers in the Mediterranean basin and Macaronesia (Madeira and Canary Islands) \[[@B18-ijms-18-02276]\]. Several bioactive compounds were already identified in *C. cardunculus* leaves and seeds \[[@B17-ijms-18-02276],[@B18-ijms-18-02276],[@B19-ijms-18-02276]\], namely saponins, flavones, sterols, coumarins and lignans, as well as sesquiterpene lactones, such as cynaropicrin \[[@B20-ijms-18-02276],[@B21-ijms-18-02276]\]. Cynaropicrin ([Figure 1](#ijms-18-02276-f001){ref-type="fig"}), is the main responsible for the bitter taste of *C. cardunculus* leaves, displaying a wide range of biological activities. These include anti-inflammatory \[[@B22-ijms-18-02276],[@B23-ijms-18-02276]\], antispasmodic \[[@B24-ijms-18-02276]\], antitrypanosomal \[[@B25-ijms-18-02276]\], and proapoptotic \[[@B26-ijms-18-02276]\] properties, being therefore currently used as part of crude extracts in several nutraceutical formulations.

The extraction of cynaropicrin is most often performed using conventional and in some cases toxic organic solvents, such as chloroform \[[@B27-ijms-18-02276]\] and dichloromethane \[[@B23-ijms-18-02276]\]. Other cynaropicrin extraction methods/solvents include, for example, water at elevated temperatures \[[@B28-ijms-18-02276]\], or supercritical CO~2~ \[[@B29-ijms-18-02276]\]. These methods require however the use of sophisticated equipment and are often highly energy consuming, in addition to the problems associated to the organic solvents commonly employed, which may lead to several human risks, safety issues and environmental impact \[[@B30-ijms-18-02276]\]. To overcome some of these concerns, either regarding their environmental footprint or when used for the extraction of target compounds envisioned for human use, DES have emerged as promising alternative solvents \[[@B2-ijms-18-02276]\].

Taking into account the biological potential of cynaropicrin, together with its abundance in *C. cardunculus* leaves (accounting for up to 87 g/kg) \[[@B23-ijms-18-02276]\], its high commercial value \[[@B31-ijms-18-02276]\] and nutraceutical applications, we propose here the use of DES as alternative solvents for the extraction of cynaropicrin from *C. cardunculus* leaves. An initial screening on DES (chemical structure and HBD:HBA molar ratio) was performed by the mixture of several carboxylic acids as HBD and quaternary ammonium salts as HBA. Some well-studied organic solvents were also investigated for comparison purposes. After identifying the most promising DES, the process variables (namely, solid--liquid ratio (S/L ratio), temperature (*T*), time of extraction (*t*) and percentage of water added to the DES) were optimized to maximize the cynaropicrin extraction yield. Finally, both the solvent and biomass reuse were addressed, and water was added as an anti-solvent allowing to recover the extracted cynaropicrin and to recycle the DES aqueous solution.

2. Results and Discussion {#sec2-ijms-18-02276}
=========================

2.1. Screening of DES as Solvents for the Extraction of Cynaropicrin {#sec2dot1-ijms-18-02276}
--------------------------------------------------------------------

Several DES were investigated to identify the best solvents for cynaropicrin extraction from *C. cardunculus* leaves. The studied DES, described in detail in the [Supplementary Data (Table S1)](#app1-ijms-18-02276){ref-type="app"}, were prepared combining HBDs (carboxylic acids) with HBAs (quaternary ammonium salts) at different molar ratios. Those identified as liquid at 25 °C were then used in the preliminary extraction assays. The respective pure acids that are liquid at the same temperature were also investigated for comparison purposes. Fixed operational conditions were used in this screening, namely a S/L ratio of 1:10, an extraction time of 120 min and a temperature of 25 °C. The results obtained are depicted in [Figure 2](#ijms-18-02276-f002){ref-type="fig"} (detailed data is provided in the [Supplementary Data---Table S2](#app1-ijms-18-02276){ref-type="app"}).

Cynaropicrin extraction yields obtained with DES ranged from 0.14 to 2.84 wt %. In general, there is an increase in the extraction efficiency of cynaropicrin with the increase of the carboxylic acid alkyl chain. If the HBA is kept constant, e.g., \[N~4444~\]Cl or \[N~4444~\]Br, the DES comprising butanoic and decanoic acids are the ones which exhibit lower and higher extraction yields, respectively ([Figure 2](#ijms-18-02276-f002){ref-type="fig"}). This finding is in agreement with previous observations showing that the extraction of volatile aliphatic components (namely aliphatic acids) increases with the alkyl chain length of both the HBA and HBD \[[@B32-ijms-18-02276]\]. Furthermore, chloride-based salts lead to higher extraction yields of cynaropicrin when compared to the bromide counterparts.

[Figure 2](#ijms-18-02276-f002){ref-type="fig"} also shows an increase in the cynaropicrin extraction yield by decreasing the amount of the HBA species, with DES based on a 2:1 molar ratio of HBD:HBA leading to a higher extraction yield, which may be due to a decrease in the viscosity of the solvent, as reported in previous studies \[[@B31-ijms-18-02276],[@B32-ijms-18-02276]\].

The potential of the DES was further evaluated by comparison with the corresponding pure HBDs components. To this end, the cynaropicrin extraction yields using the liquid carboxylic acids at 25 °C, namely butanoic, hexanoic and octanoic acids were investigated (pure decanoic acid was not tested because it is solid at 25 °C). The results obtained show that the cynaropicrin extraction yields are higher when using DES instead of the corresponding pure HBDs. In summary, the overall results demonstrate that among the tested DES, the most efficient for the extraction of cynaropicrin from *C. cardunculus* leaves is decanoic acid:\[N~4444~\]Cl, in a 2:1 molar ratio.

2.2. Optimization of the Cynaropicrin Extraction Conditions {#sec2dot2-ijms-18-02276}
-----------------------------------------------------------

Extraction conditions were optimized to improve cynaropicrin extraction yield using the decanoic acid:\[N~4444~\]Cl 2:1 DES. The parameters studied were the extraction time (*t*, min), solid-liquid ratio (S/L ratio), temperature (*T*, °C) and water content (wt %). The influence of each variable in the cynaropicrin extraction yield is illustrated in [Figure 3](#ijms-18-02276-f003){ref-type="fig"}. The respective detailed data are provided in [Supplementary Data---Tables S3--S6](#app1-ijms-18-02276){ref-type="app"}.

The extraction temperature was optimized, performing extractions at 25, 35 and 45 °C, while keeping constant the remaining conditions (S/L ratio of 1:10, 120 min) ([Figure 3](#ijms-18-02276-f003){ref-type="fig"}A). The maximum extraction yield, 2.84 wt %, was achieved at 25 °C (for detailed date see [Supplementary Material Table S3](#app1-ijms-18-02276){ref-type="app"}). Higher temperatures lead to a decrease in the cynaropicrin extraction yield. Although this behaviour was expected, since an increase in temperature should promote an increased solubility and thus extraction efficiency, the lower extraction yields at higher temperatures can be due to the simultaneous dissolution of polysaccharides, which at higher temperatures lead to extremely viscous solutions and hampers the filtration process and the recovery of cynaropicrin. However, these results can be considered as promising, since high extraction yields are obtained at low temperatures with minimum energy consumptions.

The influence of the extraction time (30, 40, 50, 60, 120, 300 and 1440 min) was further evaluated, keeping constant the remaining extraction conditions (S/L ratio of 1:10 and a temperature of 25 °C (detailed data are provided in the [Supplementary Data---Table S4](#app1-ijms-18-02276){ref-type="app"}). Considering the results presented in [Figure 3](#ijms-18-02276-f003){ref-type="fig"}B, a remarkable increase in the extraction yield up to 60 min, with a maximum extraction yield of 3.13 wt % was observed. From 60 min onwards, the extraction efficiency tends to gradually decrease. This tendency to pass through a maximum in the extraction yield has been reported before by several authors, either in the extraction of bioactive compounds from natural sources using deep eutectic solvents \[[@B33-ijms-18-02276],[@B34-ijms-18-02276]\], or even with conventional solvents such as ethanol \[[@B35-ijms-18-02276]\]. In the present study, these results are again most probably due to the co-dissolution of polysaccharides from biomass, since an increase in the solvent viscosity is observed after 60 min, which again is expected to hinder the recovery of cynaropicrin.

The third tested operational condition in the extraction process was the S/L ratio, an essential parameter since a lower ratio is associated with higher costs of the process and eventually solvent wastes \[[@B36-ijms-18-02276]\]. We tested the 1:10, 1:20, 1:30, 1:40 and 1:50 S/L ratios, keeping constant the remaining conditions, namely a temperature of 25 °C and an extraction time of 60 min (detailed data are provided in the [Supplementary Data---Table S5](#app1-ijms-18-02276){ref-type="app"}). According to the results shown in [Figure 3](#ijms-18-02276-f003){ref-type="fig"}C, the S/L ratio, shows to be a significant parameter. Decreasing the S/L ratio leads to an increase in the cynaropicrin extraction yield, reaching a maximum of 5.06 wt % using a ratio of 1:50, although between the S/L ratios of 1:30 and 1:50, the obtained yields are similar (4.84 and 5.05 wt %, respectively). A similar behaviour was observed by Wei et al., \[[@B36-ijms-18-02276]\] who studied the extraction of bioactive compounds from *Cajanus cajan* using DES, and found that the extraction yields increase by decreasing the S/L ratio (from 1:10 to 1:40). Therefore, we propose the S/L ratio of 1:30 as the most adequate for cynaropicrin extraction since it implies a lower amount of solvent, and thus lower costs and generated wastes.

Finally, the effect of the water percentage added to the DES was investigated ([Figure 3](#ijms-18-02276-f003){ref-type="fig"}D), keeping the temperature at 25 °C, an extraction time of 60 min and a S/L ratio of 1:30 (detailed data are provided in the [Supplementary Data---Table S6](#app1-ijms-18-02276){ref-type="app"}). An increase in the water content from 5 wt % up to 70 wt % promotes a gradual increase in the cynaropicrin extraction yield, up to a maximum of 6.20 wt %. In fact, the addition of water to DESs has shown to be advantageous either to improve the solubility or extraction of target bioactive compounds \[[@B10-ijms-18-02276],[@B32-ijms-18-02276],[@B37-ijms-18-02276]\]. The results obtained with aqueous solutions of DES are advantageous over pure DES, either from an environmental or economic point of view when envisaging the development of large scale processes. In summary, the overall results highlight the potential of aqueous solutions of DES to extract cynaropicrin from biomass, using mild conditions (25 °C, 60 min, S/L ratio of 1:30 and 70 wt % of water added to DES).

The best extraction conditions were then applied in a comparative extraction study using different organic solvents, namely *N*-hexane, acetone, and dichloromethane, commonly used in the extraction of cynaropicrin, as well as pure water. A soxhlet extraction with dichloromethane was also carried out. The results obtained are depicted in [Figure 4](#ijms-18-02276-f004){ref-type="fig"} whereas the detailed results are provided in the [Supplementary Data (Table S7)](#app1-ijms-18-02276){ref-type="app"}. The maximum cynaropicrin extraction yield was achieved by Soxhlet extraction with dichloromethane (8.65 wt %), in agreement with previously published results \[[@B23-ijms-18-02276]\]. The higher yields obtained with this technique, when compared to solid-liquid extractions with the same solvent (4.53 wt %) are due to the specific extraction conditions enabled by the Soxhlet extraction (high temperature and reuse of fresh solvent in multiple extraction cycles) that allows to reach the maximum extraction capacity. All the remaining solvents lead to lower cynaropicrin extraction yields when compared to those obtained with the above studied DES aqueous solution (6.20 wt %), further supporting the high potential of this type of solvents to extract cynaropicrin from *C. cardunculus* leaves under mild conditions.

2.3. Recyclability of the Solvent and Biomass {#sec2dot3-ijms-18-02276}
---------------------------------------------

Aiming to maximise the cynaropicrin recovery, the same sample of *C. cardunculus* leaves was sequentially extracted with fresh DES aqueous solutions (70 wt % of water in decanoic acid:\[N~4444~\]Cl 2:1) in six successive cycles, keeping the remaining optimized extraction conditions reported above. The results obtained are shown in [Figure 5](#ijms-18-02276-f005){ref-type="fig"} and given in detail in the [Supplementary Data---Table S8](#app1-ijms-18-02276){ref-type="app"}.

According to [Figure 5](#ijms-18-02276-f005){ref-type="fig"}, it is observed that the cynaropicrin present in the biomass sample is not fully extracted in the first cycle (6.20 wt %) and it is possible to achieve a maximum yield of 8.96 wt % after 6 extraction cycles with fresh solvent, leading to an extraction yield similar to the one obtained by Soxhlet extraction with dichloromethane (8.65 wt %). However, it should be remarked that aqueous solutions of more environmentally friendly compounds are being used in the first case, together with significantly lower temperatures and times of extraction. Overall, after the third cycle, the amount of cynaropicrin extracted is not significant to justify additional extraction cycles (taking into account the economic impact).

Similarly, the use of the same DES aqueous solution in the cynaropicrin extraction using new *C. cardunculus* leaves samples was performed, for 4 cycles. The results obtained show that the extraction yield increases in each cycle (for detailed date see [Supplementary Material Table S9](#app1-ijms-18-02276){ref-type="app"}), however, this increase is not significant, meaning that the solvent almost reached its saturation in the first cycle.

2.4. Recovery of Cynaropicrin from the DES-Based Solvent {#sec2dot4-ijms-18-02276}
--------------------------------------------------------

Taking into account the low solubility of cynaropicrin in water (1.75 g/L at 20 °C) \[[@B38-ijms-18-02276]\], the recovery of cynaropicrin from the DES aqueous solution was finally evaluated using water as anti-solvent. At the end of the 3rd extraction cycle of the previous experiments (reuse/saturation of the solvent), the saturated aqueous solution of DES (0.5 mL) was then diluted with increasing volumes of water (5, 10, 15, 25 and 50 mL). The gathered data are provided in the [Supplementary Data---Table S10](#app1-ijms-18-02276){ref-type="app"}. HPLC analysis of the remaining aqueous solution showed that up to 73.6% of the extracted cynaropicrin can be recovered by the addition of the largest volume of water. The recovery of cynaropicrin by this process further enables the recovery of the DES extraction solvent through the evaporation of the excess of water, allowing it further use.

3. Materials and Methods {#sec3-ijms-18-02276}
========================

3.1. Materials {#sec3dot1-ijms-18-02276}
--------------

*C. cardunculus* L. leaves were collected during the flowering stage, in June 2015 in an experimental field (37°59′14.25″ N, 7°55′59.64″ W) and supplied in the dry form with a granulometry between 40--60 mesh. A cynaropicrin standard was commercially purchased from Extrasynthese (Lyon, France), with a purity ≥97.5 wt %. The compounds used in the formation of the DES, composed of quaternary ammonium salts as HBA and carboxylic acids as HBD, are the following: decanoic acid (purity of 99% purity) and choline chloride (\[Ch\]Cl, purity of 99%), both from Acros Organics (Geel, Belgium), hexanoic acid (purity of 99%) and myristic acid (purity of 98%), both from Fluka (Sintra, Portugal), 12-hydroxystearic acid (purity of 95%) supplied by Alfa Aesar (Karlsruhe, Germany), and tetraethylammonium chloride (\[N~2222~\]Cl), tetrabutylammonium chloride (\[N~4444~\]Cl), tetrapropylammonium chloride (\[N~3333~\]Cl), tetrapropylammonium bromide (\[N~3333~\]Br), and tetrabutylammonium bromide (\[N~4444~\]Br), all with a purity of 98% and purchased from Sigma-Aldrich (Sintra, Portugal). Common organic solvents were also tested as extraction media, namely acetone and dichloromethane with a purity of ≥99.99%, and *n*-hexane with a purity of 95%, all acquired from Sigma-Aldrich (Sintra, Portugal).

3.2. DES Preparation {#sec3dot2-ijms-18-02276}
--------------------

The preparation of DES was carried out by adding a known mass of HBD and HBA to a closed glass vial, where the solid mixture was homogenized by heating under constant stirring. The sample was heated gradually until the mixture formed a clear liquid inside the vial, and was left for 1 h at this temperature under constant stirring. DES samples were then placed under constant stirring under vacuum at a temperature of 25 °C for a minimum period of 48 h to remove possible volatile impurities. The list containing all DES prepared and used is provided in the [Supplementary Data](#app1-ijms-18-02276){ref-type="app"}. Aqueous solutions of DES were prepared gravimetrically, ± 10^−4^ g.

3.3. Cynaropicrin Extraction {#sec3dot3-ijms-18-02276}
----------------------------

Solid-liquid extractions of cynaropicrin from *C. cardunculus* leaves were carried out using a home-made aluminum dry oven, with controlled stirring and able to keep the temperature within ± 0.5 °C. In all experiments stirring was kept at 1000 rpm (120 g-force considering the rotor Radius of the 10.70 cm) All the reported essays were performed in triplicate with less than 5% variability. The extraction conditions ascertained and optimized to increase the cynaropicrin extraction yield were: temperature (25, 35 and 45 °C); extraction time (30, 40, 50, 60, 120, 300 and 1440 min); solid-liquid (S/L) ratio (weight of biomass per weight of solvent, 1:10, 1:20, 1:30, 1:40 and 1:50); and percentage weight fraction of water added to the DES (0, 5, 10, 20, 30, 40, 50, 60, 70 and 100 wt %). For comparison purposes, the optimized conditions were applied using the conventional organic solvents and water. A sample of *C. cardunculus* leaves (5 g dry weight) was also Soxhlet extracted with dichloromethane (150 mL) for 7 h for comparison. After the extraction step, samples were centrifuged (Centrifuge 5804, Eppendorf), and the supernatant containing cynaropicrin filtered using a 0.20 μm syringe filter acquired at GE healthcare, Whatman. A 200 µL aliquot was taken from the supernatant of each assay, diluted with 800 µL of methanol, and filtered again. The quantification of cynaropicrin in each solution was carried out by HPLC-DAD (Shimadzu, model PROMINENCE). HPLC analyses were performed with an analytical C18 reversed-phase column (250 × 4.60 mm), kinetex 5 μm C18 100 A, from Phenomenex. The mobile phase consisted of 75% (*v*/*v*) of water and 25% (*v*/*v*) of acetonitrile. The separation was conducted in isocratic mode, at a flow rate of 0.5 mL·min^−1^, and using an injection volume of 10 μL. DAD was set at 198 nm. The column oven and the autosampler were operated at a controlled temperature of 30 °C. The quantification of cynaropicrin was performed based on a calibration curve prepared using the pure cynaropicrin sample (sample) dissolved in methanol, *R*^2^ = 0.9993. The cynaropicrin extraction yield is expressed as the percentage ratio between the weight of cynaropicrin and the total weight of the dried biomass. The results presented along the manuscript correspond to the average of three independent experiments with an associated error of \<5% in the extraction yield.

3.4. Recyclability of the Solvent and Biomass {#sec3dot4-ijms-18-02276}
---------------------------------------------

In order to develop a more sustainable extraction-recovery process, both 4 successive cycles of extraction using the same solvent and 6 new aqueous solutions of DES were applied to the same biomass. The main objective of this study was to appraise the solvent saturation and to infer the maximum amount of the target compound present in the biomass.

3.5. Recovery of the Extracted Cynaropicrin {#sec3dot5-ijms-18-02276}
-------------------------------------------

After the 4 extraction cycles with the reuse of the same aqueous solution of DES, which allowed the solvent saturation, water was added as an anti-solvent, inducing the precipitation of cynaropicrin. Different amounts of added water were investigated; 0.5 mL of the DES aqueous solutions containing cynaropicrin were diluted in 5, 10, 15, 25 and 50 mL of distilled water. After the addition of water, the solution was centrifuged at 6000 rpm (4307 g-force considering the rotor Radius of the 10.70 cm) for 30 min, and vacuum filtered with a 0.45 μm microporous membrane. The remaining cynaropicrin in the solvent was quantified by HPLC-DAD as described before. Further, the solid residue was dried in an air oven at 50 °C for 2 days. A sample of the recovered precipitate was redissolved in 9 mL of methanol and cynaropicrin identified and quantified by HPLC-DAD.

4. Conclusions {#sec4-ijms-18-02276}
==============

The use of DES and their aqueous solutions have been investigated as alternative solvents for the extraction of the high-value cynaropicrin from *C. cardunculus* leaves. The use of long chain aliphatic organic acids as HBD, and chloride quaternary ammonium salts as HBA, allows to achieve improved cynaropicrin extraction yields, where the combination of decanoic acid:\[N~4444~\]Cl 2:1 was found to be the most efficient. Several extraction conditions were then optimized, namely the extraction time, S/L ratio, temperature and content of water, leading to a maximum extraction yield of 6.20 wt % of cynaropicrin using the decanoic acid:\[N~4444~\]Cl (2:1) aqueous solution (70 wt % of water), at 25 °C, 60 min, and a S/L ratio of 1:30. Aiming the development of more sustainable extraction processes the reuse of the solvent and of the biomass were also evaluated. Under the optimized conditions and with three cycles of fresh DES-water solvent, it was obtained an extraction yield of cynaropicrin of 8.96 wt %, a similar value to that obtained with volatile organic solvents under soxhlet extractions, yet applying milder conditions of temperature and time. Finally, 73.6% of the extracted cynaropicrin was recovered by the addition of water to the aqueous solutions of DES. In summary, DES and their aqueous solutions are remarkable alternatives to volatile organic solvents for the extraction of cynaropicrin from the *C. cardunculus* leaves, and are therefore envisaged as promising candidates for the extraction of other compounds with nutraceutical interest.
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